Self-propagating high-temperature synthesis (SHS) was previously proposed as alternative preparation route for FeeAl intermetallics. However, this process was not optimized and the mechanism and kinetics of the phases' formation was not fully clarified up to current days. In this work, in situ high energy X-ray diffraction analysis was carried out during the SHS process and the mechanism of the intermetallic' formation in FeAl25 powder mixture was described during rapid heating and isothermal annealing at 800 C as well as during a slower continuous heating to 900 C. During slower heating, the formation of Fe 2 Al 5 and FeAl 2 intermetallics starts below the melting point of aluminium. When the heating rate is high, intermetallics are created after melting of aluminium. During long-term annealing, all of the phases can be transformed to FeAl phase when fine powders were applied. Detailed mechanism is proposed in this paper and kinetics of the intermetallics' formation is described.
Introduction
Materials based on FeeAl system have been known to metallurgists for more than 100 years. In 1890's, the positive effect of aluminium addition on the high-temperature oxidation resistance of iron was discovered [1] . In this time, a continuous development of ironealuminium alloys began. However, low room-temperature ductility and problematic production of these materials by conventional melting processes limit their applicability up to current days. There were many attempts to overcome the above mentioned limitations [2e5], while one of them is the powder metallurgy using reactive sintering [6, 7] . In this process, intermetallics are produced by thermally-activated in situ reactions during sintering of compressed elemental powder mixtures. The big advantage of this technology is the initiation of the reactions leading to the formation of FeeAl intermetallics at significantly lower temperature than the melting temperature of iron and FeeAl phases. In addition to this fact, the Fe þ Al reactions are strongly exothermal and the evolved heat sustains and propagates further reaction across the compressed powder mixture [8] . Therefore, this process is also called Self-sustainable High-temperature Synthesis (SHS) [6] . Due to highly exothermal nature of the processes, this technology is less energy-consuming than common melting metallurgy and conventional powder metallurgy using pre-alloyed powders [8] . In the case of ironealuminium alloys, extremely high porosity is achieved, especially when pressureless reactive sintering is applied (over 25 vol.%) [9] . There are many theories aiming to explain this behaviour, many of them are opposing. These theories find the reason of the unacceptable porosity in the sequence of the formation of intermetallics and ordered solid solutions [6,10e12] or in Kirkendall's effect [13e15] .
FeeAl system (Fig. 1 ) contains these equilibrium phases [16] : FeeAl melt, solid solution of aluminium in bcc iron, solid solution of iron in fcc aluminium, Fe 3 Al and FeAl ordered solid solutions and FeAl 2 , Fe 2 Al 5 a FeAl 3 intermetallic compounds (Fig. 1) . At high temperatures (1002e1232 C) ε-Fe 5 Al 8 phase [17] and solid solution of aluminium in fcc iron are stable. From this list, Fe 3 Al and FeAl ordered phases are of the greatest importance for technical applications.
When FeAl and Fe 3 Al phases are being produced by powder metallurgy using reactive sintering, it can be expected that interdiffusion of iron and aluminium will occur and ordered phases will be formed after being heated to sufficient temperature. Simultaneously, the densifying of the material by sintering of powder particles would happen as e.g. during the production of steel by powder metallurgy. Real situation is totally different due to a high porosity of the product [6, 9] . In addition to this problem, the phase composition of the reactive-sintering produced FeeAl alloys does not correspond to single-phase FeAl or Fe 3 Al even though the ratio of Fe:Al powders is in accordance with their stoichiometry [6, 18] .
The literature data about the types of phases present during and after reactive sintering and in their influence on the porosity are very variable. In 1992 it was published [19] that FeAl 3 phase is formed by the Fe þ Al solid state reaction below the melting temperature of aluminium. After that, remaining aluminium particles melt and are enriched by iron. Consequently, other FeeAl phases precipitate from the melt.
A paper from 1995 [20] shows that reactive sintering in air produces a mixture of FeAl ordered phase and aluminium oxide. When the reaction of the powder mixture with identical composition was carried out in vacuum, FeAl, Fe 3 Al a FeAl 2 or a mixture of unreacted iron and FeAl 3 phase were determined in dependence on the process conditions [20] . These results are in a strong disagreement with both newer and older papers [10e12,21] presenting the formation of Fe 2 Al 5 phase. According to ref. [12] , Fe 2 Al 5 phase is formed by a solid state reaction of iron and aluminium at 500 C. During continuous heating it completely disappears at 850 C by a transformation to Fe 3 Al phase. Jozwiak at al. [6] then describe even a FeAl 3 / Fe 2 Al 5 / FeAl 2 / FeAl sequence, beginning at the temperature lower than 600 C. On the other hand, Hibino at al. [22] stated that aluminium melts before the formation of intermetallics. After that, Fe 2 Al 5 , Fe 2 Al 3 and FeAl phases are gradually formed. Porosity is usually explained by volume changes in the structure resulting from lattice and density differences between the temporary and final phases [12] . The other presented explanation of the enormous porosity is the Kirkendall phenomenon [13e15]. It can be observed when the rates of diffusion of reacting metals (Fe, Al) strongly differ [12] . In that case, unidirectional diffusion of one metal is compensated by vacancies diffusion. Coalescence of vacancies produces pores. Detailed explanation of the porosity formation during reactive sintering of FeeAl powder mixture is given in [15] . This study deals with slow heating process aiming to avoid the SHS reaction and to produce porous product.
However, all of the above described results and theories are based on the ex-post study after the reactive sintering only. In some cases, the XRD study of the product was extended by the thermal analysis showing thermal effects of the reactions [6] . There were also several in-situ XRD studies presented in the literature [23e26]. The work of Brajpurya et al. [26] describes the phases' evolution in deposited Fe/Al multi-layers during annealing at 300 C. Surprisingly, only FeAl phase was observed in this system. No other transient phases were detected. The in-situ XRD studies of mechanically activated pressure-assisted SHS process also provided very variable results. In ref. [24, 25] , the direct formation of FeAl phase is stated. On the other hand, the formation of Fe 2 Al 5 was observed in ref. [27] being continuously transformed to FeAl phase.
During the process, g-Fe was also detected. Authors concluded that Fe 2 Al 5 phase is formed before melting of aluminium. This conclusion, being probably influenced by other published papers, is not fully supported by the XRD results showing disappearing of Al diffraction lines followed by the formation of Fe 2 Al 5 phase. Almost in all papers, fine powders of both iron and aluminium or coarser iron and finer aluminium powders were applied. In our previous works dealing with FeeAl, FeeAleSi and TieAleSi systems it was found that the use of coarser aluminium particles can significantly influence the SHS process [28e30] . Therefore this study is focused on the in-situ study of the pressureless reactive sintering of compressed mixture of fine iron (<10 mm) and coarse aluminium powder (200e600 mm).
Experimental
Our first approach to the description of the reaction mechanism in FeeAl system consisted in the thermal analysis of FeAl25 (in wt.%) compressed powder mixture. Analyses were performed in two modes e slow continuous heating from the room temperature to 900 C and isothermal tests at 800 C. In the first mode, differential thermal analysis (DTA) was used to reveal the thermal effects accompanying the phases' formation during heating of the compressed powder mixture. In these experiments, fine iron powder (particle size <10 mm, purity 99.7 wt.%) and coarse irregular particles of aluminium (particle size 200e600 mm, purity 99.95 wt.%) prepared by mechanical machining were applied. Powders were blended, compressed with the pressure of 260 MPa. Cylindrical samples of 12 mm in diameter and approx. 6 mm in height were prepared. DTA was carried out in the argon atmosphere with the rate of 10 K min À1 by using Setaram Setsys Evolution e 1750. For this analysis, 75 mg of compressed sample was separated and used. In the isothermal mode, the above described cylindrical compressed powder mixtures were heated to 800 C with the rate over 400 K min À1 and isothermally annealed at this temperature.
Such a high heating rate was obtained by placing the sample to the preheated furnace. Due to the limitations of the DTA, thermal camera FLIR T640 was applied to monitor the temperature changes during the reactions. In this mode, two powder sizes of iron (<10 mm and <250 mm) were compared.
The main part of the experimental work devoted to the in-situ XRD analysis of the phases' formation during reactive sintering of FeAl25 compressed powder mixtures containing two above mentioned iron powder fractions (<10 mm and <250 mm). These experiments were conducted at Hasylab, DESY Hamburg using the X-ray beam with 100 keV (corresponding to the wavelength of 0.123894 A) energy on DORIS III storage ring, BW5 experimental stage. For the analyses, Perkin Elmer XRD 1621 AN/CN ultra-fast Xray detector was utilized. Both modes of experiments were used e the continuous heating regime and the isothermal one. In continuous heating regime, separated piece of compressed powder mixture of approx. 75 mg (same as for DTA) was applied, while the isothermal mode enabled to use the whole cylindrical sample. The sample-to-detector distance was set to 1387.661 mm and 1270.931 mm for continuous heating mode and isothermal mode, respectively. In continuous heating regime, samples were heated from the laboratory temperature to 900 C with the heating rate of 10 K min À1 as in DTA. The isothermal mode consisted of inserting the sample directly to the furnace preheated to 800 C and reactive sintering for 300 s. In both modes, XRD patterns were acquired each 3 s. Laue diffraction patterns were integrated to conventional intensityeangle dependence by Fit2D software and solved using an PANalytical HighScore Plus Software with PDF2 database. MATLAB system was used to normalize and visualise the time and temperature dependence of the phase composition in 3D. The microstructure of sintered samples was observed by the means of Olympus PME3 light microscope and TESCAN VEGA 3 LMU scanning electron microscope equipped with OXFORD Instruments INCA 350 EDS analyser. Phase composition of SHS products was also checked by conventional X-ray diffraction (XRD) using a PANalytical X'Pert Pro X-ray diffractometer. In order to reveal the kinetics of reactions occurring during the reactive sintering, macro-scale model was used. This model consisted of the bulk iron (99.7 wt.% purity), exposed to solid and liquid aluminium at 650 and 800 C, respectively. The reaction kinetics was studied by measuring the thickness of the individual layers of intermetallics by SEM-EDS and image analysis using ImageJ 1.45s software. Due to non-uniformity of the layers, the thickness was measured on acquired images each 50 mm of the interface length and average value was calculated.
The process controlling the formation of intermetallics was determined by fitting the layer thickness by a linear or parabolic growth equation. A linear growth mode (1) can be found, when the process is controlled by the rate of chemical reaction producing the intermetallic layer.
d ¼ Kðt À sÞ (1) In this equation, d is the layer thickness, K is the linear rate constant, t and s are the reaction time and incubation period, respectively. When a process is controlled by diffusion of species through a reaction product, it is generally described by the parabolic law [31] , written as:
where k is the parabolic rate constant.
Results

Thermal analysis
DTA was applied to reveal the thermal effects accompanying intermetallics' formation during continuous heating from the laboratory temperature to 900 C. On the heating curve, only one thermal effect was observed e an exothermic peak starting at approx. 645 C (Fig. 2a and b) . The slope of the heating curve increases when the temperature achieves melting point of aluminium (660 C). It indicates that the rate of intermetallics' formation on the solideliquid interface is higher than in solide solid contact. These highly exothermic reactions are superposed with the endothermic melting of aluminium, resulting in one observed exothermic peak.
In the isothermal mode, compressed powder mixtures were heated to 800 C with the heating rate over 400 K min À1 and annealed isothermally. The temperature profile of the reactions was recorded by thermal camera. On both heating curves, four parts of the heating curve can be recognized, see Fig. 3 . Region "1" represents heating of the compressed powder mixture without any phase transformation or chemical reaction. After that, the slope of the heating curve reduces (Part "2") as the aluminium melts, consuming energy and lowering the temperature increase. In the case of powder mixture containing coarse iron particles, the melting of aluminium starts after longer time, probably due to different thermal conduction in presence of coarse iron particles. After melting of aluminium, strongly exothermic formation of intermetallics starts (part "3"). The maximum temperature achieved in presence of fine iron particles is approx. 1190 C, while for coarse iron the maximum temperature was significantly lower (944 C). The heating rate achieved by the exothermic reactions in stage "3" is approx. 28 K s À1 and 7 K s À1 for fine and coarse iron respectively. These values were obtained by thermal camera which records heating rate all volume of sample. The heating rate at the SHS reaction front is probably significantly higher. These results show that the formation of intermetallics starts after melting of aluminium in the case of high heating rate (over 400 K min À1 ). This result is in agreement with [32] , where the shift of the intermetallics' formation to higher temperatures with increasing heating rate is described. Phase "4" represents cooling of the samples down to the temperature in the furnace. In the case of the sample containing coarse iron powder, there are also two minor thermal effects to be observed in regions "3" and "4", being probably related to the a-Fe / g-Fe and g-Fe / a-Fe transformations as shown below.
In situ X-ray diffraction during continuous heating
In order to explain the behaviour observed during DTA, in situ XRD experiments were carried out with the same heating rate (10 K min À1 ). To avoid the application of the inert gas on the (Fig. 4b) . When the temperature increases, the these phases are continuously transformed to FeAl and Fe 3 Al phases (Fig. 4 a, b and c) . The intensities of Fe 2 Al 5 increase during heating, but FeAl 2 phase's signal reduces, see Fig. 4c .
In situ X-ray diffraction during isothermal annealing
The XRD experiment presented above aimed to model the conditions of DTA. However, our recommended reactive sintering route for aluminides and silicides requires extremely high heating rates [19, 20] . Such conditions can be easily achieved by inserting the sample into a furnace preheated to the reactive sintering temperature. This experimental setup was applied in isothermal insitu experiment, aiming to simulate real reactive sintering as closely as possible. Temperature of 800 C and the type of the powder mixture identical as in continuous heating experiment (fine iron powder and coarse mechanically prepared aluminium particles) were utilized in this experiment. In this setup, aluminium particles melt at first, directly followed by the formation of Fe 2 Al 5 , FeAl 2 , FeAl and Fe 3 Al phases (Fig. 5a and b) . The widening of the Fe 2 Al 5 diffraction lines was observed immediately after this phase had formed. The Fe 3 Al phase continuously disappears during the process, being converted to FeAl.
To describe the effect of the particle size, the isothermal experiment was carried out using coarser iron particles (<250 mm, purity 99.5 wt.%), while the size of aluminium powder particles remained unchanged. In this case, similar behaviour was observed, i.e. aluminium melts and after that intermetallics (Fe 2 Al 5 , FeAl 2 , FeAl and Fe 3 Al) arise (Fig. 6a, b and c) . In addition to these phases, g-iron was determined when the formation of intermetallics started (Fig. 6b) . After the formation of intermetallics had been completed, the g-iron slowly changed to a-iron.
Microstructure and phase composition of reactive sintering products
All samples after reactive sintering are composed of Fe 2 Al 5 , FeAl and small fraction of FeAl 2 phase, as identified by both EDS and XRD analyses. FeAl phase surrounds the Fe 2 Al 5 areas, while FeAl 2 is located inside them (Fig. 7a and b) . In addition to these intermetallics, unreacted iron and small areas of Fe 3 Al phase were identified. Both the fraction of unreacted iron in the reactive sintering product and the porosity increase with the diameter of iron powder particles, see Fig. 7a and b. In the samples prepared by rapid heating and isothermal annealing for 300 s, the porosity values are 42 vol.% and 69 vol.% for fine and coarse iron respectively. Porosity is also strongly affected by the heating rate. The sample containing fine iron heated with the rate of 10 K min À1 reaches the porosity of approx. 62 vol.%.
To confirm the temporary formation of g-iron during reactive sintering of compressed powder mixtures with coarse iron, following experiment was performed: Coarse powder of carbon steel (ASTM A576 grade) was obtained by mechanical machining. FeAl25C compressed powder mixture was prepared using this powder. Reactive sintering was carried out at 800 C. After the ignition of the SHS reactions, sample was water-quenched immediately. In this sample, martensite (metastable solid solution of carbon in iron) was identified, having typical needle-like morphology, see Fig. 8 . Since martensite can be obtained only by rapid cooling or mechanical deformation of austenite phase (solid solution of carbon in g-iron), it indicates that g-iron was present during reactive sintering. In this sample, representing the early stages of reactive sintering, Fe 2 Al 5 phase was identified around the martensite regions. FeAl phase was found only in small areas, accompanying the Fe 2 Al 5 phase. Unreacted aluminium particles can be also seen in the structure of this sample (Fig. 9) . Inside aluminium particles that were molten during reactive sintering, needle-like FeAl 3 particles were identified by SEM-EDS. This phase was not found by the in-situ XRD analysis. Due to the strongly exothermic nature of the reaction forming the Fe 2 Al 5 , the temperature inside the reaction mixture can exceed the melting point of the Fe 2 Al 5 (1169 C) and FeAl 3 (1160 C) phases (Fig. 1) . Due to concentration fluctuations in the melt, FeAl 3 is probably able to crystallize during water quenching. As the reactions and diffusion proceed, the local concentrations of aluminium and iron are changing and therefore this phase is not identified in the final product. When the reaction mixture has been quenched in the early stage of the SHS process, FeAl 3 phase is obtained. These facts indicate that at least some of these phases crystallize from the melt during SHS. For the comparison, long-term reactive sintering at 800 C for 72 h was also carried out. During this process, binary FeAl25 alloy containing fine iron powder was fully transferred to FeAl ordered phase (Fig. 9a) . On the contrary, utilization of coarse iron powder resulted in heterogeneous product containing FeAl and Fe 3 Al phases as well as the unreacted iron and aluminium (Fig. 9b) .
Macro-scale model of reactive sintering process
The above presented results showed that FeeAl phases emerge mainly on the interface between solid iron particles and molten aluminium. Since it is almost impossible to describe the kinetics of the intermetallics' formation on a real compressed powder mixture, the macro-scale model consisting of bulk solid iron sample submerged to molten aluminium at 800 C was applied. After Fe þ Al reactions had completed, layers of Fe 2 Al 5 and FeAl were observed. In addition to these phases, FeAl 3 particles were found in solidified aluminium around the iron sample and small FeAl 2 regions inside the Fe 2 Al 5 layer (Fig. 10) . The time dependence of the thickness of both Fe 2 Al 5 a FeAl layers is parabolic, thus indicating diffusion-controlled reactions (Fig. 11) . Most probably, the formation of FeeAl phases is controlled by the inward diffusion of aluminium. Therefore, the parabolic rate constant for Fe 2 Al 5 and FeAl phases were calculated by the Eq. (2). Results in Table 1 The porosity of the intermetallics' layers was assessed by the image analysis. The results revealed that the volume fraction of pores increases with the reaction time ( Table 1 ). The maximum value is approx. 25 vol.% which corresponds with the values presented as the lowest porosity obtainable by pressureless reactive sintering of FeeAl alloys [9] .
To describe the kinetics of the formation of intermetallics below the melting point of aluminium, the model consisting of lowcarbon steel pin in solid aluminium annealed at 650 C was applied. The layers containing Fe 2 Al 5 and FeAl 2 phases were obtained, see Fig. 12 . The parabolic rate constant of this process is 2 AE 0.5 Â 10 À15 m 2 s
À1
. This value is much lower than the rate of formation of Fe 2 Al 5 phase in solideliquid reaction. It can be concluded that major part of intermetallics is formed over the melting point of aluminium.
Discussion
Following mechanism is proposed (Fig. 13) , using all of the results presented above: Presented results confirmed that the phases' formation mechanism strongly depends on the heating rate, as previously published in [32] . During continuous heating, traces of Fe 2 Al 5 and FeAl 2 phases arise below the melting point of aluminium. After aluminium is molten, the formation of these phases is accelerated. During fast heating and isothermal annealing, the Fe þ Al reactions initiate after melting of aluminium. After that, the mechanism is almost the same. The fact that the solid state reaction does not take place is probably a reason for lower porosity of the sample prepared in isothermal mode. In this case, the molten aluminium fills the pores in compressed powder mixture before the intermetallics are formed.
This exothermic reaction evolves the heat that gives a rise to the temperature close to 1200 C in the reaction front. This value is sufficient to melt the Fe 2 Al 5 phase [16] . Partial melting of this phase was confirmed by widening of its diffraction lines. Due to endothermic melting, the temperature decreases and Fe 2 Al 5 and FeAl 2 phases precipitate. Fe 2 Al 5 and FeAl 2 high-aluminium phases consume high amount of aluminium and therefore a part of iron content remains unreacted. After Fe 2 Al 5 phase is formed, it starts to react with iron, producing FeAl phase. Fe 3 Al phase arises as a transient phase between iron and FeAl, being continuously transformed to FeAl. After long reaction time (e.g. 72 h tested in this work), the structure Fig. 7 . Microstructure of FeAl25 alloys produced by reactive sintering at 800 C for 300 s: a) using iron powder particle size <10 mm, b) iron powder particle size <250 mm. is fully transformed to FeAl phase. For this reason, nearly pure FeAl phase was observed after reactive sintering in our previous work [7] .
When coarse iron particles were applied, the mechanism is expected to be the similar with these exceptions: After Fe 2 Al 5 is created by the Fe þ Al reaction, high portion of the heat is probably transferred to iron particles, thus lowering the overall sample temperature. The iron particles are heated above a / g transformation temperature. According to the phase diagram published in [16] , the solubility of aluminium in g-iron is low and therefore the interactions of iron with aluminium on the interface are limited.
In addition to this effect, a / g transformation is endothermic, thus lowering the temperature at the reaction front to max. 950 C recorded by thermal camera. The real temperature of the SHS front reaction is probably significantly higher which guarantees highaluminium phases melting. Therefore the structure of the longterm annealed sample containing coarse iron particles is inhomogeneous and contains FeAl and Fe 3 Al phases as well as unreacted iron and aluminium.
High porosity of SHS FeeAl alloys is usually explained in connection with the phases' formation [33] and Kikendall's phenomenon [15] . In this paper we endeavoured to divide the porosity to two types e the pores connected directly with the reactions and "technological" pores. The first type comprises small pores with the diameter below 1 mm that may arise from the shrinkage due to lattice changes when forming new phases [12] and rounded mid-size pores up to 30 mm. Rounded shape of the pores usually indicates gas porosity. So they may be a confirmation of the above proposed mechanism dealing with local melting of high-aluminium phases on the combustion front. Chen et al. described the formation of similar type of pores during SHS in vacuum due to aluminium evaporation [34] . Our experiments were carried out under atmospheric pressure in argon or in lower vacuum (10 À2 Pa), therefore this effect was not observed. The pores probably contain residual air after pressing. The largest irregular pores have the shape of initial aluminium particles that were applied for the samples preparation. Their presence can be explained by the fact that the solubility of aluminium in iron is much higher than opposite. Therefore, the flux of aluminium atoms will be compensated by a migration of vacancies resulting in porosity formation [12, 35] . In addition, the diffusivity of iron in aluminium is much higher than that of aluminium in iron, causing Kirkendall's effect [15] . During pressureless reactive sintering, the second type of porosity can be minimized by using very fine aluminium particles, but the first one cannot be excluded. It was proved by macro-scale model, where these pores were also observed in similar amount.
Conclusion
This paper aimed to describe the mechanism of the phases' formation during SHS preparation of FeeAl alloys. Thermal analysis, in-situ XRD and macro-scale modelling of the process were applied. The results showed that the initiation temperature strongly depends on the heating rate. During slower heating (10 K min À1 ), the formation of Fe 2 Al 5 and FeAl 2 intermetallics starts below the melting point of aluminium. When the heating rate is high (over 400 K min À1 ), intermetallics are created after melting of aluminium. It lowers the porosity of the product. During long-term annealing, all of the phases can be transformed to FeAl phase when fine powders were applied. Detailed mechanism, dealing with the partial melting of Fe 2 Al 5 phase on the reaction front, is proposed in this paper. The formation of FeeAl phases is probably controlled by the inward diffusion of aluminium.
